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In Brief
Gao et al. demonstrate that Tac1expressing neurons in the l/vlPAG modulate spinal itch processing via a descending pathway. These neurons represent a critical component in the neural circuit that drives the itchscratching cycle.
INTRODUCTION
Itch triggers scratching behavior, which in turn leads to widespread itchiness (Evans, 1976) . Scratching causes severe skin and tissue damage in patients with chronic itch (Akiyama and Carstens, 2013; Ikoma et al., 2006; LaMotte et al., 2014) . The vicious itch-scratching cycle is likely mediated by central circuitry mechanisms (Davidson and Giesler, 2010; Paus et al., 2006) . Recent studies have begun to reveal the circuitry of itch processing in the central nervous system (CNS) (Bautista et al., 2014; Braz et al., 2014; LaMotte et al., 2014; Lu et al., 2018; Mishra and Hoon, 2013; Wang et al., 2013) . At the spinal level, gastrin-releasing peptide receptor (GRPR)-positive neurons, which receive converging inputs from multiple types of spinal neurons, are essential for the spinal itch circuit (Bautista et al., 2014; Mishra and Hoon, 2013; Sun et al., 2009 Sun et al., , 2017 , sending itch information to higher brain centers indirectly via spinal projection neurons (Mu et al., 2017) . In addition, the spinal itch circuit is tightly controlled by spinal inhibitory neurons (Bourane et al., 2015; Foster et al., 2015; Huang et al., 2018; Ross et al., 2010) . Disruption of the inhibitory control of spinal itch circuits causes spontaneous scratching behaviors, leading to severe skin lesions (Ross et al., 2010) . Thus, local spinal inhibitory neurons represent a crucial component of the circuit that generates the vicious itch-scratching cycle. Subtypes of spinal inhibitory neurons that are involved in gating the spinal itch circuit have recently been identified (Bourane et al., 2015; Huang et al., 2018) . However, the brain mechanism driving the itch-scratching cycle remains poorly understood.
Functional imaging studies revealed changes in the activity of the periaqueductal gray (PAG) during itch signal processing (Jeong and Kang, 2015; Mochizuki et al., 2003; Papoiu et al., 2013) . Moreover, electric stimulation of the PAG briefly reduced a histamine-evoked discharge recorded from neurons in the dorsal spinal cord of anesthetized animals (Carstens, 1997) , pointing to the potential involvement of the PAG in itch processing. The PAG is well known for its critical role in modulating sensory processing (e.g., nociception) at the spinal level via a descending pathway (Basbaum and Fields, 1984; Heinricher et al., 1987; Hohmann et al., 2005; Lakos and Basbaum, 1988; Park et al., 2010) , and electrical stimulation of the PAG causes pain inhibition (Liebeskind et al., 1973; Yeung et al., 1977) . Furthermore, the PAG is a major brain area involved in morphine analgesia and endogenous pain control (Basbaum and Fields, 1984; Chieng and Christie, 1996; Park et al., 2010; Reynolds, 1969; Taylor and Basbaum, 2003; Yeung et al., 1977) . Given the heterogeneity of PAG neurons (Hö kfelt et al., 1977; Moss and Basbaum, 1983; Moss et al., 1983; Samineni et al., 2017; Yin et al., 2014) , recent showing the recording system for obtaining neural and motion signals simultaneously. A small magnet was implanted into the mouse hindpaw, and the current induced by movement of the magnet in the coil was recorded. Neural signals were recorded by implanting a multielectrode array in the l/vlPAG. (B) A multielectrode array was implanted in the l/vlPAG. (C) Example traces of hindpaw motion (blue) and neural signals (black). (D) An example neuron showing elevated firing rates at the scratching train onset in response to histamine. Top, scratching trains aligned to the onset; middle, spike raster with each row corresponding to a single scratching train (trial); bottom, averaged firing rate (FR) across trials. Gray shading, SEM. (E) Heatmap of the Z scores of all recorded units sorted by the mean Z-scored FR; each row represents one neuron (see STAR Methods for detail, n = 168 neurons). (F) Averaged Z-scored FR for neurons with significantly increased (red, p < 0.05) and decreased (blue, p < 0.05) activities and those that showed no significant change (black, p > 0.05) (pre-versus during scratching train, Wilcoxon signed-rank test). Shadows indicate the SEM. (G) Percentages of different groups of neurons in (F). (H) Distribution of the latencies of l/vlPAG neurons with increased (red) and decreased activity (blue) during scratching. The arrowhead indicates the mean value of all latencies.
(legend continued on next page) studies further explored the function of different PAG neuronal populations and revealed opposing roles of glutamatergic and gamma-aminobutyric acid (GABA)ergic neurons in pain modulation (Samineni et al., 2017) . However, the functional importance of the PAG in itch modulation is largely unknown. The rostral ventromedial medulla (RVM), one of the downstream targets of the PAG involved in pain modulation (Abols and Basbaum, 1981; Basbaum and Fields, 1984; Fields, 2000) , has recently been shown to be critical for itch modulation. Depletion of spinal serotonergic (5-HT) fibers or 5-HT neurons in the RVM caused a reduction in itch-induced scratching behavior Zhao et al., 2014) . The modulatory role of 5-HT on itch processing was shown to be mediated by a direct interaction between the 5-HT1A and GRPR receptors in the spinal cord (Zhao et al., 2014) . However, whether the PAG-RVM pathway is involved in the descending control of itch remains elusive. In this study, we investigated the cellular and circuit mechanisms underlying the top-down modulation of itch by the PAG through examining the neural dynamics of PAG neurons and the behavioral responses after pharmacogenetic and optogenetic manipulation of different subtypes of PAG neurons.
RESULTS

Neural Activity of the l/vlPAG during Itch Processing
To determine whether the PAG is involved in itch processing, we examined the activation of PAG neurons by using c-fos as a neuronal activity marker. We found that the number of c-fos + neurons increased significantly in the lateral and ventrolateral PAG (l/vlPAG) after intradermal injection of histamine or chloroquine (Figures S1A and S1B). To further examine the neural dynamics of l/vlPAG neurons, we examined neural activity in the l/vlPAG during itch signal processing by performing in vivo extracellular recording in freely moving mice during pruritogeninduced scratching behavior (STAR Methods; Figures 1A-1C ). In wild-type mice, we implanted multielectrode arrays in the l/vlPAG for extracellular recording and small magnets in the right hindpaw for monitoring the scratching behavior with a magnetic induction method (Mu et al., 2017) . Pruritogen-induced scratching bouts were highly clustered, with each cluster of scratching bouts defined as a scratching train as described previously (Mu et al., 2017) (Figures S1C and S1D; STAR Methods). The scratching behavior evoked by intradermal injection of histamine exhibited a similar pattern to that evoked by chloroquine (Figure S1E) . We recorded the neural activity of PAG neurons and scratching behavior simultaneously after intradermal injection of histamine and aligned the single-unit activity of l/vlPAG neurons to the onset of individual scratching trains ( Figure 1D ). The firing rate of a significant percentage of l/vlPAG neurons was found to increase near the onset of the scratching train (38%, Figures 1E-1G) , whereas a small percentage of neurons exhibited decreased firing rates (11%, Figures 1E-1G ). To determine whether l/vlPAG neurons also respond to histamine-independent itch, we examined their activity during scratching behavior evoked by chloroquine, which induces histamine-independent itchiness by activating Mas-related G-protein-coupled receptor A3 (MrgprA3) ). Similar to the results observed in the histamine model, 21% of l/vlPAG neurons showed elevated activity near the onset of scratching behavior, and 14% of l/vlPAG neurons showed a reduction in neural activity (Figures S1F-S1I). Interestingly, 45/82 (55%) of neurons that showed scratching-related activity in the histamine model began their responses before the onset of the scratching train (Figure 1H) , and similar results were also obtained in the chloroquine model ( Figure S1J ). Consistently, l/vlPAG neurons also exhibited a diverse response to scratching behaviors evoked by pharmacologic activation of GRPR, which is essential for itch processing at the spinal level (Sun and Chen, 2007 ) (Figures S1K-S1M). In addition, a small fraction of neurons only showed significantly altered responses near the end of scratching behavior in the histamine model (23/168 neurons, Figure S1N ) and chloroquine model (21/146 neurons). Next, we examined whether the l/vlPAG neurons responding to histamine also exhibit similar activity patterns in response to chloroquine. We thus analyzed 44 l/vlPAG neurons that were recorded in both histamine and chloroquine models and found that 8 neurons responded to both histamine and chloroquine. Interestingly, the majority of these neurons (5/8 neurons) showed significantly elevated activity to scratching behavior in both models (Figures 1I and 1J) . These results indicate that PAG neuronal activities are strongly correlated with the initiation of scratching behavior.
Both glutamatergic neurons and GABAergic neurons exist in the l/vlPAG. We thus further examined the activity of these two subsets of neurons in itch processing with a genetically encoded calcium indicator GCaMP6s (Chen et al., 2013) . A Cre-dependent adeno-associated virus (AAV) expressing GCaMP6s was injected into the l/vlPAG of Vglut2-Cre or Vgat-Cre mice, and optical fibers were implanted in the l/vlPAG. Fluorescent signal fluctuations in the l/vlPAG were recorded with fiber photometry (Gunaydin et al., 2014) after intradermal injection of histamine or chloroquine in the nape (Mu et al., 2017) , together with mouse scratching behavior recording. The activity of both the l/vlPAG (I) Heatmap of the Z-scored FRs of 44 individual l/vlPAG neurons recorded in both histamine and chloroquine models; each row of both panels represents the same neuron. (J) Summarized results showing the response of l/vlPAG neurons recorded in both histamine and chloroquine models. Top, proportion of neurons based on their activity near scratching onset. Bottom, proportion of neurons exhibiting activity changes in both models. ++, neurons showed elevated activity in both histamine and chloroquine models; --, neurons showed decreased activity in both histamine and chloroquine models; +-, neurons showed elevated activity in the histamine model but decreased activity in the chloroquine model. (K) Summarized results showing the response of l/vlPAG neurons to histamine and noxious thermal stimuli. Top, proportion of neurons based on their activity responding to pruritic and noxious stimuli. Bottom, proportion of neurons exhibiting altered activity to pruritic and noxious stimuli. ++, neurons showed increased activity to both histamine and noxious thermal stimuli; +-, neurons showed increased activity to histamine stimuli but decreased activity to noxious thermal stimuli; -+, neuron showed decreased activity to histamine stimuli but increased activity to noxious thermal stimuli; --, neuron showed decreased activity to both histamine and noxious thermal stimuli. See also Figures S1 and S2. glutamatergic and GABAergic neurons was increased during the scratching train induced by histamine or chloroquine, with higher activation in glutamatergic neurons ( Figure S2 ).
PAG neurons have been shown to respond to noxious thermal stimuli (Heinricher et al., 1987) . We thus further examined whether the l/vlPAG neurons responding to histamine also respond to noxious thermal stimuli. We recorded l/vlPAG neurons in the histamine model, followed by recordings in the same animals subjected to noxious thermal stimuli (52 C). We analyzed 58 l/vlPAG neurons recorded in this experiment and found that 18/58 (31%) neurons responded to histamine, 13/58 (22.4%) neurons responded to noxious thermal stimuli, and only 4/58 (6.9%) neurons responded to both histamine and noxious thermal stimuli ( Figure 1K ).
Functional Role of the l/vlPAG in Itch Processing
To determine the functional role of l/vlPAG neurons in itch processing, we employed the pharmacogenetic method of designer receptors exclusively activated by designer drugs (DREADDs) (Armbruster et al., 2007) to manipulate l/vlPAG neuron activity. We injected an AAV encoding the inhibitory DREADD receptor hM4Di fused with mCitrine into the l/vlPAG bilaterally (Figures 2A and S3A) and used an AAV encoding enhanced GFP (EGFP) as a control. We confirmed the efficiency of silencing l/vlPAG neurons with hM4Di by recording neuronal activity in brain slices and found that bath application of clozapine-N-oxide (CNO) suppressed the activity of hM4Di + neurons ( Figure 2B ). Next, we tested the scratching behavior evoked by intradermal injection of histamine or chloroquine 30 min after intraperitoneal (i.p.) injection of CNO. Pharmacogenetic inhibition of the l/vlPAG neurons significantly decreased the mouse scratching behavior induced by histamine or chloroquine ( Figures 2C and 2D ), without significantly affecting the locomotor activity of these animals (Figures S3B and S3C) . These results suggest that l/vlPAG neurons play an important role in facilitating the itch-scratching cycle.
The PAG has been shown to modulate the processing of nociceptive signals via a descending pathway mediated by the RVM (Basbaum and Fields, 1984; Fields, 2000; Heinricher et al., 2009) . We thus asked whether the l/vlPAG facilitates spinal itch processing via the RVM. To address this question, we examined whether selective manipulation of RVM-projecting neurons in the l/vlPAG would affect itch processing. To achieve this, we bilaterally injected a retrograde retroAAV (Tervo et al., 2016) expressing Cre recombinase (rAAV2-Cre) into the RVM and a Cre-dependent AAV encoding hM4Di in the l/vlPAG of wild-type mice to express hM4Di in RVM-projecting neurons in the l/vlPAG (Figures S3D and S3E) . We found that pharmacogenetic suppression of the RVM-projecting neurons in the l/vlPAG significantly decreased the scratching behavior induced by both histamine and chloroquine (Figures S3F and S3G) . These results support the notion that the l/vlPAG modulates itch processing through a descending pathway mediated by the RVM.
Most RVM-projecting neurons in the l/vlPAG are glutamatergic (Oka et al., 2012; Ozawa et al., 2016; Park et al., 2010) . We thus further examined the functional role of the l/vlPAG glutamatergic neurons in itch processing using pharmacogenetic and genetic approaches. We injected a Cre-dependent AAV encoding hM4Di in the l/vlPAG of Vglut2-Cre mice bilaterally to express hM4Di in glutamatergic neurons in the l/vlPAG. We found that pharmacogenetic suppression of the glutamatergic neurons in the l/vlPAG also significantly decreased the scratching behavior induced by histamine or chloroquine ( Figures 2E-2H ), without significantly affecting locomotion or motor function . Consistent with a previous study (Samineni et al., 2017) , we found that pharmacogenetic suppression of the glutamatergic neurons in the l/vlPAG also significantly increased nociceptive responses (Figures S3K and S3L) . We further confirmed these results by using a genetic approach to block glutamate release from the l/vlPAG glutamatergic neurons .
GABAergic neurons in the PAG, which do not project to the RVM, also play important roles in sensory processing (Lau and Vaughan, 2014; Park et al., 2010; Samineni et al., 2017) . We thus further determined the effect of pharmacogenetic activation of the GABAergic neurons in the l/vlPAG and found that the scratching behavior induced by histamine or chloroquine was also significantly decreased (Figures S4A-S4D) without affecting locomotion or motor activity ( Figures S4E-S4G ). This manipulation also enhanced the nociceptive response (Figures S4H and S4I) . In contrast, suppression of the GABAergic neurons in the l/vlPAG decreased the nociceptive response but did not significantly affect the scratching behavior evoked by histamine or chloroquine ( Figures S4J-S4R ). These results indicate that GABAergic and glutamatergic neurons in the l/vlPAG are differentially involved in pain and itch modulation. l/vlPAG Tac1 + Neurons Were Required for Itch-Induced Scratching Behavior To further define the identity of glutamatergic neurons in the l/vlPAG that are involved in itch processing, we searched the Allen Brain Atlas for possible molecular markers that could mark distinct subpopulations of l/vlPAG neurons. Consistent with previous studies (Moss and Basbaum, 1983; Yin et al., 2014) , we found that both tachykinin 1 (Tac1) and somatostatin (SST) are highly expressed in the l/vlPAG and that both are mostly expressed in glutamatergic neurons ( Figures S5A-S5J ). More importantly, there is limited overlap between Tac1 + neurons and SST + neurons ( Figures S5K and S5L ). We first determined the functional role of Tac1 + neurons using a caspase-3based method (Yang et al., 2013) to ablate the l/vlPAG Tac1 + neurons. We injected AAV-flex-taCasp3-TEVp into the bilateral l/vlPAG of Tac1-Cre mice ( Figure 3A ) and used AAV-DIO-EYFP as a control. Animals bilaterally injected with AAV-flex-taCasp3-TEVp showed significantly fewer Tac1 + neurons in the l/vlPAG than did those injected with the control virus ( Figures  3B and 3C ). This manipulation led to a reduction in the number of neuronal nuclear antigen (NeuN) + neurons and vesicular glutamate transporter (Vglut)2 + neurons (Figures S6A-S6F) but did not significantly affect the number of vesicular GABA transporter (Vgat) + neurons ( Figures S6G-S6I ). The ablation of l/vlPAG Tac1 + neurons significantly decreased the scratching behavior induced by histamine, chloroquine, or compound 48/80 ( Figure 3D ). We further determined whether the l/vlPAG Tac1 + neurons are also involved in the itch-scratching cycle in chronic itch. We found that ablation of the Tac1 + neurons in the l/vlPAG significantly reduced the scratching behavior in chronic itch associated with a mouse allergic dermatitis model induced by 1-fluoro-2,4-dinitrobenzene (DNFB; Figure 3E ). In contrast, the same manipulation did not affect locomotor activity, motor function, grooming, or freezing behavior ( Figures S6J-S6N ).
The PAG has been well known for its important role in the descending modulation of pain (Basbaum and Fields, 1984) . We thus asked whether l/vlPAG Tac1 + neurons are differentially involved in itch and pain modulation. To address this question, we employed the cheek model, a well-established model for differentiating the behavioral response to itch and pain. In the cheek model, histamine evoked scratching behavior with the hind limb, but capsaicin induced wiping behavior with the forelimb (Shimada and LaMotte, 2008) . We determined the effect of Tac1 + neuron ablation on scratching and wiping behavior induced by intradermal injection of histamine, chloroquine, or capsaicin in the cheek. Ablation of l/vlPAG Tac1 + neurons significantly decreased the scratching behavior induced by histamine or chloroquine in the cheek model ( Figure 3F ) but did not significantly affect the wiping behavior induced by capsaicin (Figure 3G) . Consistently, the nociceptive response to thermal, mechanical, and chemical stimuli was not significantly affected after ablation of l/vlPAG Tac1 + neurons ( Figures S6O-S6T ), further supporting the notion that l/vlPAG Tac1 + neurons are selectively involved in itch processing.
Ablation of l/vlPAG Tac1 + neurons might cause compensation by altering the neural circuit for modulating sensory processing. We thus further examined the effect of transient suppression of Tac1 + neurons on itch-induced scratching behavior using a pharmacogenetic approach. We injected AAV-DIO-hM4Di-mCherry into the bilateral l/vlPAG of Tac1-Cre mice to express hM4Di in Tac1 + neurons ( Figures 3H and 3I ). Transient suppression of the l/vlPAG Tac1 + neurons by CNO injection (i.p.) significantly decreased the scratching behavior in response to histamine or chloroquine ( Figures 3J, 3K , and S6U-S6V), without significantly affecting other behaviors (Figures S6W-S6Z). In some experiments, Tac1 +/+ ::Caspase3 mice were used as controls. Together, these results indicate that l/vlPAG Tac1 + neurons play a key role in facilitating itch-induced scratching behavior.
Ablation of l/vlPAG SST + Neurons Did Not Affect
Itch-Induced Scratching Behavior Next, we determined whether the l/vlPAG SST + neurons are involved in itch processing by using the caspase-3-based method to ablate the l/vlPAG SST + neurons. We injected AAVflex-taCasp3-TEVp into the bilateral l/vlPAG of SST-Cre mice ( Figure 4A ) and used AAV-DIO-EYFP as a control. This manipulation led to a significant reduction in the number of SST + neurons in the PAG (Figures 4B and 4C) . Behavioral experiments revealed that the histamine-evoked scratching behavior was not significantly affected after SST + neuron ablation ( Figure 4D ). Consistently, ablation of SST + neurons did not affect the scratching behavior induced by intradermal injection of chloroquine ( Figure 4E ). These results suggest that l/vlPAG SST + neurons play an insignificant role in itch processing. The Activity of l/vlPAG Tac1 + Neurons Increased during Itch Processing To further demonstrate the role of l/vlPAG Tac1 + neurons in itch processing, we examined the neuronal dynamics of l/vlPAG Tac1 + neurons during itch-induced scratching behavior in freely moving mice using fiber photometry ( Figures S7A-S7C ). Fluorescent signal fluctuations in the l/vlPAG, together with mouse scratching behavior, were recorded (Gunaydin et al., 2014) after intradermal injection of histamine or chloroquine in the nape (Figure 5A) . By aligning the calcium signal of Tac1 + neurons in the l/vlPAG to the onset of individual scratching trains (Figures 5B and S7D-S7H), we found that the activity of l/vlPAG Tac1 + neurons increased during histamine-and chloroquine-induced scratching trains ( Figures 5C and 5D ). In contrast, the fluorescent signals in control animals expressing EYFP in the l/vlPAG Tac1 + neurons showed no change during the scratching train ( Figures  5C, 5D , and S7I). Thus, the activity of l/vlPAG Tac1 + neurons correlates with scratching behavior.
We next asked whether l/vlPAG Tac1 + neurons also respond to nocifensive behavior. To address this question, we measured the activity of l/vlPAG Tac1 + neurons in the cheek model (Shimada and LaMotte, 2008) . Injection of histamine and capsaicin in the cheek induced scratching and wiping behaviors, indicative of itch and pain, respectively (Shimada and LaMotte, 2008) . In animals expressing GCaMP6s in the l/vlPAG Tac1 + neurons, we injected histamine in the cheek and recorded the scratching behavior with the magnetic method, as well as the calcium fluorescence of Tac1 + neurons with fiber photometry. Consistent with the result in the nape model, the activity of l/vlPAG Tac1 + neurons indicated by calcium fluorescence was elevated during scratching behavior (Figures 5E-5G and S7J). Next, we exam- ined the response of l/vlPAG Tac1 + neurons during nocifensive behavior by recording the calcium fluorescence of Tac1 + neurons with fiber photometry after injection of capsaicin in the cheek and the wiping behavior simultaneously. Correlation analysis between the calcium signal of the l/vlPAG Tac1 + neurons and wiping behavior showed that the activity of l/vlPAG Tac1 + neurons only increased slightly during the capsaicin-induced wiping behavior ( Figures 5H, 5I , S7K, and S7L). Furthermore, the activation level of l/vlPAG Tac1 + neurons during scratching behavior was significantly higher than that during wiping behavior ( Figure 5J ), consistent with a selective response of l/vlPAG Tac1 + neurons to itch.
Activation of l/vlPAG Tac1 + Neurons Induced Scratching Behavior
Next, we asked whether activation of l/vlPAG Tac1 + neurons is sufficient to induce scratching behavior. To address this question, we selectively expressed the excitatory DREADD receptor hM3Dq in l/vlPAG Tac1 + neurons by bilaterally injecting AAV-DIO-hM3Dq-mCherry into the l/vlPAG of Tac1-Cre mice ( Figure 6A ). Following i.p. injection of CNO, hM3Dq-expressing Tac1 + neurons in the l/vlPAG were activated, as indicated by elevated c-Fos expression ( Figures S8A and S8B ). Remarkably, this pharmacogenetic activation of l/vlPAG Tac1 + neurons induced robust spontaneous scratching behavior (Figures 6B-6D; Video S1; Figure S8C ). The scratching behavior was directed toward both the head and the body with both hindpaws. Grooming behavior was also increased after activation of Tac1 + neurons ( Figure 6E ). In contrast, hindpaw licking behavior, categorized as nocifensive behavior, was not significantly altered ( Figure 6F ). The activation of l/vlPAG Tac1 + neurons did not alter locomotor activity (travel distance in the open-field test), although it impaired the performance in the rotarod test and decreased the time spent in the center area in the open-field test ( Figures S8D-S8F ). To gain further insight into the role of Tac1 + neurons in grooming and scratching behavior, we analyzed the correlation between grooming and scratching behavior evoked by pharmacogenetic activation of l/vlPAG Tac1 + neurons ( Figure S8G ) and found no correlation, suggesting that these two behaviors are evoked independently. Consistently, when activating l/vlPAG Tac1 + neurons with a lower dose of CNO, the grooming behavior but not the scratching behavior was significantly increased ( Figures S8H and S8I ). These results strongly suggest that l/vlPAG Tac1 + neurons play a positive regulatory role in the itch-processing pathway. To gain further insight into Tac1 + neuron-driving scratching behavior, we manipulated l/vlPAG Tac1 + neurons with optogenetics. We selectively expressed channel rhodopsin 2 (ChR2) in l/vlPAG Tac1 + neurons by injecting AAV-DIO-ChR2-mCherry into the l/vlPAG of Tac1-Cre mice and implanted optical fibers in the l/vlPAG ( Figure 6G ). The effectiveness of Tac1 + neuron photostimulation in the l/vlPAG was confirmed by patch-clamp recording of light-induced action potentials in brain slices (Figure 6H) . We recorded and analyzed the mouse behavior in response to photostimulation of l/vlPAG Tac1 + neurons at different frequencies (see the STAR Methods for details). We found that photostimulation of l/vlPAG Tac1 + neurons at 20 or 30 Hz evoked significantly more scratching behavior than that in the control group ( Figures 6I and 6J ; Videos S2 and S3), whereas low-frequency stimulation of Tac1 + neurons did not significantly increase scratching behavior. Grooming behavior was significantly increased upon photostimulation of l/vlPAG Tac1 + neurons at 10 and 20 Hz ( Figure 6K ). Thus, activation of the l/vlPAG Tac1 + neurons is capable of driving scratching and grooming behavior.
The PAG has been shown to be important for defensive behavior, and activation of PAG neurons induces flight or freezing behavior (Tovote et al., 2016) . We found that the same pharmacogenetic manipulation of l/vlPAG Tac1 + neurons did not significantly alter freezing duration ( Figure S8J ), indicating that no defensive behavior was induced under our experimental conditions. This lack of an initiation of defensive behavior might have resulted from differences in the populations of neurons that were activated or different intensity of activation. We further examined the possible role of l/vlPAG Tac1 + neurons in pain using the von Frey, Hargreaves, and formalin tests, and found that the nociceptive response was not affected by pharmacogenetic activation of l/vlPAG Tac1 + neurons ( Figures S8K-S8M ).
l/vlPAG Tac1 + Neurons Induced Scratching Behavior via a Descending Pathway
The PAG plays important roles in modulating sensory processing and behavior via descending pathways (Basbaum and Fields, 1984; Lau and Vaughan, 2014) . We examined whether the modulation of itch processing by l/vlPAG Tac1 + neurons also depends on descending modulation of the spinal itch circuit. Spinal GRPR + neurons represent a critical node for itch information processing . We thus examined whether the scratching behavior induced by pharmacogenetic activation of l/vlPAG Tac1 + neurons relies on the spinal GRPR + -neurondependent itch pathway. We selectively ablated the spinal GRPR + neurons of Tac1-Cre mice injected with AAV-DIO-hM3Dq-mCherry in the l/vlPAG by intrathecal injection of bombesin-saporin ( Figures 7A and S9A-S9C ). This manipulation significantly reduced the scratching behavior induced by pharmacogenetic activation of the l/vlPAG Tac1 + neurons, but had no significant effect on grooming or hindpaw licking behavior ( Figure 7B ). Bombesin-saporin is likely to bind to different targets; thus, we determined whether bombesin-saporin treatment would affect other neuronal populations. We found that intrathecal injection of bombesin-saporin did not affect GRPR + neurons in the superchiasmatic nucleus, which are able to induce scratching behavior upon activation (Yu et al., 2017) , or in the Figures S9D-S9G ). In addition, bombesin-saporin treatment has been shown to have no effect on spinal neurons expressing neuromedin B receptor (NMBR) (Mishra et al., 2012) , and we found that NMBR + neurons in the brain were not affected ( Figures S9H-S9K ). Thus, these results indicate that the induction of scratching behavior by l/vlPAG Tac1 + neuron activation requires the GRPR + -neuron-dependent spinal itch circuit, indicating a top-down gating of the spinal itch circuit by l/vlPAG Tac1 + neurons. However, activation of GRPR receptor itself was not required for the induction of scratching behavior by activation of l/vlPAG Tac1 + neurons ( Figures S9L-S9O ).
We next examined the circuit mechanism underlying the regulation of itch processing by l/vlPAG Tac1 + neurons. Previous studies using retrograde labeling have revealed a limited direct projection from the l/vlPAG to the spinal cord (Liang et al., 2011) ; however, an indirect link to the spinal cord could be mediated via the RVM (Basbaum and Fields, 1984) . l/vlPAG Tac1 + neurons send a strong projection to the RVM, in addition to other targets, including the amygdala and bed nucleus of the stria terminalis (Allen Brain Atlas). We hypothesized that the l/vlPAG Tac1 + neurons modulate spinal itch processing via the RVM. If this hypothesis is true, then selective activation of Tac1 + neurons that project to the RVM would also induce scratching behavior. We selectively expressed ChR2 in l/vlPAG Tac1 + neurons that project to the RVM by injection of a retrogradely transporting AAV virus rAAV2-Flpo into the RVM of Tac1-Cre mice and AAV-Con/Fon-ChR2-EYFP (Fenno et al., 2014) into the l/vlPAG of these animals and implanted optical fibers in the l/vlPAG (Figure 7C) . In these conditions, the expression of ChR2 is dependent on both Cre and Flpo recombinases; therefore, only Tac1 + neurons projecting to the RVM expressed ChR2 (Figure 7C ). We found that optogenetic activation of RVM-projecting l/vlPAG Tac1 + neurons also induced robust scratching behavior at various frequencies of light stimulation, while grooming behavior was not significantly altered ( Figure 7D ), supporting the hypothesis that l/vlPAG Tac1 + neurons modulate spinal itch processing via the RVM.
To further confirm the functional synaptic connections between l/vlPAG Tac1 + neurons and spinal-cord-projecting RVM neurons, we retrogradely labeled spinal-cord-projecting neurons in the RVM with fluorescent retrobeads and selectively expressed ChR2 in Tac1 + neurons of the l/vlPAG ( Figure 7E ). We recorded spinal-cord-projecting neurons labeled with retrobeads in freshly prepared RVM slices with whole-cell patchclamp recording. Photostimulation of Tac1 + axon terminals in the RVM induced excitatory postsynaptic currents (EPSCs, amplitude 104 ± 32 pA) in 9/10 retrobeads + neurons ( Figures  7F and 7G ), and these EPSCs were abolished by the AMPA receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline-7-sulfonamide (NBQX) ( Figures 7G and 7H ). The latency of light-induced EPSCs was 2.0 ± 0.2 ms, consistent with a monosynaptic connection. These results confirm that the l/vlPAG Tac1 + neurons form monosynaptic glutamatergic synapses with spinal-cord-projecting neurons in the RVM. As a descending 5-HT projection was shown to activate GRPR + neurons via the 5-HT1A receptor (Zhao et al., 2014) , we thus determined whether the 5-HT system is involved in modulation of itch processing by l/vlPAG Tac1 + neurons. We found that the scratching behavior evoked by activation of l/vlPAG Tac1 + neurons was not affected by depletion of spinal 5-HT fibers or pharmacological blockade of spinal 5-HT1A receptors ( Figures  S9P-S9W) . These results indicate that l/vlPAG Tac1 + neurons modulate itch processing via pathways independent of the descending 5-HT projection.
DISCUSSION
In this study, we demonstrated a descending faciliatory action of l/vlPAG Tac1 + neurons in the itch-scratching cycle. We showed that the activity of l/vlPAG Tac1 + neurons was elevated during pruritogen-induced scratching behavior, and the excitation of l/vlPAG Tac1 + neurons in turn facilitated itch signal processing, leading to the vicious itch-scratching cycle. This notion is supported by experiments showing that pharmacogenetic or optogenetic activation of these Tac1 + neurons induced spontaneous scratching behavior in the absence of pruritogens. Consistently, suppression or ablation of l/vlPAG Tac1 + neurons impaired scratching behaviors in both acute and chronic itch models. Notably, the activity of Tac1 + neurons increased before the scratching behavior, likely reflecting a sensory component of itch, similar to that observed in another study (Mu et al., 2017) . The PAG receives inputs from multiple brain areas, including the parabrachial nucleus, which has been shown to be the first relay station in itch processing (Mu et al., 2017) . The PAG also receives direct inputs from the spinal cord (Todd, 2010) and other brain areas, suggesting that the it may be critical in integrating information from both upstream brain areas and ascending sensory pathways. The major inputs that drive the activation of Tac1 + neurons during scratching behavior remain to be further examined. Our behavioral result is inconsistent with a previous study showing that electric stimulation of the PAG reduced histamine-evoked discharge of spinal neurons (Carstens, 1997) , suggesting that activation of the PAG suppresses itch processing rather than enhances itch processing at the spinal level. Several reasons could account for this discrepancy. First, the cell type recorded in the extracellular recording at the spinal level is unknown. Suppression of GABAergic neurons by stimulation of the PAG may still lead to amplification of itch processing. Alternatively, this discrepancy may be due to species differences, as rats were used in the previous study, in which activation of rat dorsal horn neurons by histamine was more likely to be algogenic rather than pruritogenic. Furthermore, the study by Carstens was performed in anesthetized animals, which could result in differences from the results found in awake animals.
Our results indicate that l/vlPAG Tac1 + neurons are differentially involved in the modulation of itch and pain processing, and this is supported by both behavioral experiments and in vivo recording of neural activity. We found that ablation of l/vlPAG Tac1 + neurons did not cause significant changes in mouse behavioral responses to thermal or mechanical stimuli or to a formalin-evoked nociceptive insult. On the other hand, by recording the activity of Tac1 + neurons in the cheek model, we observed selective activation of l/vlPAG Tac1 + neurons during scratching behavior evoked by histamine in contrast to their poor response to the wiping behavior induced by capsaicin.
Although the differential response under two conditions can be explained by different behavioral patterns, these results are more in line with the behavioral result showing that ablation of the l/vlPAG Tac1 + neurons significantly reduced the scratching but not wiping behavior in the cheek model, which is thought to be an ideal model for differentiating behavioral responses to noxious and pruritic stimuli (Shimada and LaMotte, 2008) . However, the activation of l/vlPAG Tac1 + neurons during itch processing does not exclude the possibility that a subpopulation of l/vlPAG Tac1 + neurons responds to other stimuli. The fiber photometry results showing activation of Tac1 + neurons during itch-induced scratching behavior represent the summated responses of multiple Tac1 + neurons without cellular resolution (Gunaydin et al., 2014) . Further studies that record l/vlPAG Tac1 + neurons with single-cell resolution are required. Although it is unclear whether l/vlPAG Tac1 + neurons are heterogeneous, our observation of significant changes in mouse behaviors in the open-field test following activation of Tac1 + neurons suggest that these neurons are involved in multiple functional circuits.
The RVM is an important downstream target of the PAG (Abols and Basbaum, 1981; Basbaum and Fields, 1984; Fields, 2000; Lakos and Basbaum, 1988; Oka et al., 2012) and has been implicated in descending facilitation of itch processing . Three pieces of evidence from our study showed that the facilitation of itch by l/vlPAG Tac1 + neurons is mediated by the descending pathway via the RVM. First, selective suppression of RVM-projecting neurons in the l/vlPAG impaired itch processing. Second, selective activation of Tac1 + neurons that project to the RVM evoked scratching behavior. Moreover, l/vlPAG Tac1 + neurons make monosynaptic excitatory connections with RVM neurons that project to the spinal cord. Third, the scratching behavior evoked by activation of Tac1 + neurons was largely blocked by ablation of spinal GRPR + neurons, which are known to be essential for processing the itch sensory signal ). This result also excludes the possibility that the scratching behavior evoked by activation of Tac1 + neurons was due to direct control of the motor pathway, highlighting the important role of l/vlPAG Tac1 + neurons in modulating GRPR +neuron-dependent itch processing. The indirect modulation of itch by the PAG is also consistent with the fact that there are very few direct projections from the PAG to the spinal cord (Liang et al., 2011) . While the overall behavioral effect of activating l/vlPAG Tac1 + neurons is induction of scratching behavior, the descending control of itch by the PAG may be more complex because l/vlPAG Tac1 + afferents may make synaptic contact with a mixture of RVM neurons. Potential subtypes of itchrelated RVM neurons remain to be further investigated, in view of the findings regarding ON and OFF cells in the RVM for pain modulation (Fields et al., 1983; Francois et al., 2017) . At the spinal level, both direct excitation of spinal GRPR + neurons by 5-HT via receptor interaction and indirect activation of GRPR + neurons by disinhibition mechanism have been demonstrated (Huang et al., 2018; Zhao et al., 2014) . As the spinal 5-HT system is not involved in modulation of itch by l/vlPAG Tac1 + neurons (Figures S9P-S9W) , our results suggest that l/vlPAG Tac1 + neurons modulate itch processing with a mechanism independent of the descending 5-HT projection. The descending RVM pathway also plays an important role in pain modulation (Basbaum and Fields, 1984; Fields, 2000; Francois et al., 2017; Zhang et al., 2015) . Thus, the descending pathway modulating pain likely runs in parallel to the itch-modulating pathway, targeting different spinal neurons. However, our study does not exclude the possibility that other circuits exist by which the l/vlPAG Tac1 + neurons modulate itch processing. Finally, spinal NK1 + neurons are also implicated in itch processing (Carstens et al., 2010) , and their role in scratching behavior evoked by activation of l/vlPAG Tac1 + neurons remains to be determined.
The PAG is important for multiple physiological processes, including anxiety and defensive behavior (Tovote et al., 2015 (Tovote et al., , 2016 . Although different subregions of the PAG and different circuits are likely involved in diverse biological processes (Deng et al., 2016; Kim et al., 2013; Li et al., 2018; Tovote et al., 2016; Wang et al., 2015) , different subtypes of neurons may also play important roles in the diverse function of the PAG. Previous studies have demonstrated the heterogeneity of PAG neurons (Hö kfelt et al., 1977; Moss and Basbaum, 1983; Moss et al., 1983; Wang et al., 2014) , and our study further highlights their functional heterogeneity. Our data suggest that the PAG neurons respond differently to noxious and pruritic stimuli and are largely non-overlapping, which is in contrast to the neurons responding to two different pruritic stimuli ( Figures 1I-1K ). In addition, consistent with a previous study (Samineni et al., 2017) , our results showed that glutamatergic and GABAergic neurons in the PAG have opposite functions in pain modulation. Therefore, glutamatergic and GABAergic PAG neurons play distinct roles in the modulation of sensory processing, consistent with the well-known role of the PAG in the descending control of pain (Basbaum and Fields, 1984; Fields, 2000; Heinricher et al., 2009; Lau and Vaughan, 2014) and morphine analgesia. In contrast, manipulation of Tac1 + neurons in the l/vlPAG did not significantly affect pain sensitivity but did significantly affect itch processing. Given that Tac1 + neurons only represent 40% of l/vlPAG glutamatergic neurons, it is highly likely that another subset of PAG glutamatergic neurons are involved in the modulation of pain. Thus, our data indicate that different subsets of glutamatergic neurons in the l/vlPAG are involved the modulation of pain and itch. However, the PAG neurons involved in pain or itch modulation may be both controlled by local GABAergic neurons, which is evidenced by our results showing that activation of GABAergic neurons affected both itch and pain responses but in opposing manners. There is a well-known interaction between pain and itch. Pain is able to suppress itch, and suppression of pain may amplify itch. Although the spinal circuit has been implicated in this interaction (Davidson and Giesler, 2010), this does not exclude the possibility that the interaction between pain and itch could also involve supraspinal mechanisms. GABAergic neurons in the PAG are well positioned to mediate the interaction between pain and itch. The circuit mechanism underlying the interaction between pain and itch remains to be further determined. Nevertheless, the effect on scratching behavior by manipulation of the l/vlPAG Tac1 + neurons is less likely due to changes in pain sensitivity, as these manipulations did not change the nociceptive response, although manipulation of GABAergic neurons in the PAG did change both pain and itch responses.
One interesting phenomenon is that activation of l/vlPAG Tac1 + neurons also evoked robust grooming behavior. The scratching and grooming behaviors are likely mediated by different subsets of Tac1 + neurons in the l/vlPAG. This is evidenced by our analysis showing that there is no correlation between the scratching and grooming behavior evoked by activation of l/vlPAG Tac1 + neurons, indicating that different ensembles of neurons may have been infected by AAV in different animals. Consistently, we found that grooming behavior but not scratching behavior was evoked by activating the Tac1 + neurons with a lower dosage of CNO. In contrast to the scratching behavior, the spontaneous grooming behavior was not affected after ablation of l/vlPAG Tac1 + neurons, although this could due to remaining Tac1 + neurons. Furthermore, in our optogenetic experiments, we showed that optogenetic activation of Tac1 + neurons affected the scratching and grooming behavior differently ( Figures 7C and 7D ). Together with the potential role of Tac1 + neuron in anxiety as indicated by the open-field test ( Figures  S8D and S8E) , these results suggest that l/vlPAG Tac1 + neurons are heterogeneous or multimodal, possibly involved in controlling several behaviors. It is thus possible that a different sub-population of the l/vlPAG Tac1 + neurons are involved in scratching and grooming behaviors. An important task for the future will be to further classify the l/vlPAG Tac1 + neurons based on their molecular identity and/or connectivity, in order to understand the diverse functional role of these neurons.
In summary, we have identified an important pathway for the descending regulation of itch signal processing. Our study provides the circuit basis for the positive feedback regulation of itch, whereby initial itch signaling and scratching may induce a further elevation of the itch sensation, leading to the itchscratching cycle. The top-down pathway might be recruited during stress-induced enhancement of itchiness, thus representing a potential central therapeutic target for breaking the vicious itch-scratching cycle associated with chronic itch.
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Foster, E., Wildner, H., Tudeau, L., Haueter, S., Ralvenius, W.T., Jegen, M., Johannssen, H., Hö sli, L., Haenraets, K., Ghanem, A., et al. (2015) . Targeted ablation, silencing, and activation establish glycinergic dorsal horn neurons as key components of a spinal gate for pain and itch. Neuron 85, 1289-1304. (JAX012898) , Vglut2-Cre (JAX016963), Vgat-Cre (JAX028862), Gad2-Cre (JAX010802), Tac1-Cre (JAX021877), Ai9 (JAX007909) and SST-Cre mice (JAX010708) were initially acquired from the Jackson laboratory. GRPR-iCreERT2 mice were made as described previously (Mu et al., 2017) . All mice were raised on a 12-hr light/dark cycle (lights on at 7:00 am) with ad libitum food and water. Animals were allocated randomly into different groups where appropriate. All behavioral tests were carried out during the light phase. All procedures were approved by the Animal Care and Use Committee of the Institute of Neuroscience, Chinese Academy of Sciences, Shanghai, China.
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METHOD DETAILS
Drug preparation and administration Chloroquine, histamine, compound 48/80, capsaicin, 1-fluoro-2,4-dinitrobenzene (DNFB), 5,7-dihydroxy-tryptamine (5,7- and (S)-WAY 100135 dihydrochloride was purchased from Tocris Bioscience (Bristol, UK). Bombesin-saporin, and blank-saporin were purchased from ATS Bio. Capsaicin was dissolved in a saline solution containing 7% of Tween-80. DNFB was diluted with acetone. Others were dissolved in sterile saline. The volume of drug solutions was 5 mL for i.t. injections, 10 or 30 mL for check i.d. injections and 50 mL for nape i.d. injections. The exogenous DREADD ligand clozapine-N-oxide (CNO) was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in saline after gently mixing with a vortex. Other detailed information for time and doses for their use was indicated in results or figure legends.
Stereotaxic injection
To manipulate the activity of periaqueductal gray (PAG) neurons, adeno-associated viruses (AAV) were injected into the lateral and ventrolateral PAG (l/vlPAG) of 2 to 3-month old mice, and the behavioral tests were performed 4-6 weeks after viral injection. For slice recording, experiments were performed 2-4 weeks after viral injection. All stereotaxic injections were performed with a stereotaxic apparatus (Stoelting, USA), and body temperature of the animal was maintained by a heating pad (40-90-8D, FHC). Ophthalmic ointment was applied to maintain eye lubrication. Injections of viruses or tracers were carried out via an air pressure system using glass pipettes (tip diameter of 10-30 mm) connected to the Picospritzer III (Parker) at a rate of $50 nL/min, controlled by Master-8 (A.M.P.I.). After completion of injection, the glass pipettes were held in place for 10 min before withdrawal to allow for diffusion of viruses. The animals were allowed to recover from anesthesia on a heating blanket before returning to their home cage.
Surgery for viral injection into the l/vlPAG
Mice were anesthetized with pentobarbital sodium (100 mg/kg, Mymtechnologies) and mounted in a stereotaxic apparatus (Stoelting, USA). The skull was exposed by midline scalp incision, and craniotomy was performed unilaterally or bilaterally for introduction of a microinjection glass pipette into the l/vlPAG (4.74 mm posterior to bregma, ± 0.55 mm lateral to midline, 2.8 mm ventral to skull surface). The craniotomy window ($1.5 mm in diameter) was made using a hand-held drill over the target area. For manipulating the neuronal activity of l/vlPAG with Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), AAV-hSyn-HA-hM4Di-IRES-mCitrine (AAV2/9, titer: 1.0 3 10 13 v.g./mL, UMASS) was injected bilaterally at a volume of 200 nL for each side, and AAV-hSyn-EGFP (AAV2/8, titer: 3.6 3 10 12 v.g./mL, Neuronbiotech) was used as control.
To suppress the neuronal activity of rostral ventromedial medulla (RVM)-projecting neurons in the l/vlPAG, we combined retrograde AAV (rAAV2) and DREADDs. Wild-type mice were injected with rAAV2-Cre virus (titer: 1.5 3 10 13 v.g./mL, Taitool) at a volume of 400 nL each site for RVM (6.00 mm posterior to bregma, 0 mm lateral to midline, 5.85 mm ventral to skull surface; 6.84 mm posterior to bregma, 0 mm lateral to midline, 6.05 mm ventral to skull surface), and AAV-hSyn-DIO-hM4Di-mCherry virus (AAV2/8, titer: 5.3 3 10 12 v.g./mL, UNC) or AAV-hSyn-DIO-mCherry virus (AAV2/8, titer: 6.1 3 10 12 v.g./mL, UNC) into l/vlPAG bilaterally at a volume of 350 nL for each side (4.74 mm posterior to bregma, ± 0.55 mm lateral to midline, 2.8 mm ventral to skull surface).
For suppressing the neuronal activity of the l/vlPAG glutamatergic neurons with DREADDs, Vglut2-Cre mice were bilaterally injected with AAV-hSyn-DIO-hM4Di-mCherry (AAV2/8, titer: 5.3 3 10 12 v.g./mL, UNC) in the l/vlPAG at a volume of 350 nL for each side, or AAV-hSyn-DIO-mCherry (AAV2/8, titer: 6.1 3 10 12 v.g./mL, UNC) at the same volume as control.
For deleting Vglut2 in the l/vlPAG, Vglut2 f/f mice were bilaterally injected with an AAV expressing Cre-EGFP (AAV-hSyn-Cre-EGFP, AAV2/8, titer: 8.7x10 12 v.g./mL, Neuronbiotech) at a volume of 400 nL for each side, or AAV-hSyn-EGFP virus (AAV2/8, titer: 3.6x10 12 v.g./mL, Neuronbiotech) for the same volume as control.
To activate l/vlPAG GABAergic neurons with DREADDs, Gad2-Cre mice were bilaterally injected with AAV-hSyn-DIO-hM3Dq-mCherry (AAV2/8, titer: 7.9 3 10 12 v.g./mL, UNC) in the l/vlPAG at a volume of 300 nL for each side, or AAV-hSyn-DIO-mCherry (AAV2/8, titer: 6.1 3 10 12 v.g./mL, UNC) at the same volume as control.
For suppressing the neuronal activity of the l/vlPAG GABAergic neurons with DREADDs, Gad2-Cre mice were bilaterally injected with AAV-hSyn-DIO-hM4Di-mCherry (AAV2/8, titer: 5.3 3 10 12 v.g./mL, UNC) in the l/vlPAG at a volume of 350 nL for each side, or AAV-hSyn-DIO-mCherry (AAV2/8, titer: 6.1 3 10 12 v.g./mL, UNC) at the same volume as control.
To activate l/vlPAG Tac1 + neurons with DREADDs, AAV-hSyn-DIO-hM3Dq-mCherry virus (AAV2/8, titer: 7.9 3 10 12 v.g./mL, UNC) or AAV-hSyn-DIO-mCherry (AAV2/8, titer: 6.1 3 10 12 v.g./mL, UNC) was injected into l/vlPAG bilaterally in Tac1-Cre mice at a volume of 350 nL for each side. Alternatively, we injected AAV-hSyn-DIO-hM3Dq-mCherry virus (AAV2/8, titer: 7.9 3 10 12 v.g./mL, UNC) into l/vlPAG of Tac1-Cre or Tac1 +/+ mice in some experiments.
For inactivating the l/vlPAG Tac1 + neurons with DREADDs, Tac1-Cre or Tac1 +/+ mice were bilaterally injected with AAV-hSyn-DIO-hM4Di-mCherry (AAV2/8, titer: 5.3 3 10 12 v.g./mL, UNC) into l/vlPAG at a volume of 350 nL for each side.
To ablate l/vlPAG Tac1 + neurons, AAV-flex-taCasp3-TEVp (AAV2/5, titer: 4.2 3 10 12 v.g./mL, UNC) or AAV-hSyn-DIO-EYFP (AAV2/9, titer: 7.2 3 10 12 v.g./mL, Taitool) was injected into l/vlPAG bilaterally in Tac1-Cre mice at a volume of 250 nL for each side. Alternatively, we injected AAV-flex-taCasp3-TEVp (AAV2/5, titer: 4.2 3 10 12 v.g./mL, UNC) into l/vlPAG of Tac1-Cre or control mice in some experiments.
To ablate l/vlPAG SST + neurons, AAV-flex-taCasp3-TEVp (AAV2/5, titer: 4.2 3 10 12 v.g./mL, UNC) or AAV-hSyn-DIO-EYFP (AAV2/9, titer: 7.2 3 10 12 v.g./mL, Taitool) was injected into l/vlPAG bilaterally in SST-Cre mice at a volume of 250 nL for each side.
In order to validate the specificity of Tac1-Cre mouse in labeling the Tac1 + neurons in the l/vlPAG, AAV-EF1a-DIO-EYFP (AAV2/5, titer: 4.4 3 10 12 v.g./mL, UNC) was injected into l/vlPAG bilaterally in Tac1-Cre mice at a volume of 350 nL for each side.
To identify the specificity of SST-Cre mouse in labeling the SST + neurons in the l/vlPAG, AAV-EF1a-DIO-EYFP (AAV2/5, titer: 4.4 3 10 12 v.g./mL, UNC) was injected into l/vlPAG bilaterally in SST -Cre mice at a volume of 350 nL for each side.
For activating the l/vlPAG Tac1 + neurons with optogenetics, Tac1-Cre mice were injected with AAV-EF1a-DIO-ChR2-mCherry (AAV2/9, titer: 4.0 3 10 12 v.g./mL, Taitool) in the left side l/vlPAG at a volume of 350 nL, or AAV-hSyn-DIO-mCherry (AAV2/8, titer: 6.1 3 10 12 v.g./mL, Taitool) at the same volume as control.
To selectively activate rostral ventromedial medulla (RVM)-projecting Tac1 + neurons in the l/vlPAG, we combined retrograde AAV (rAAV2) and optogenetic technique. Tac1-Cre mice were injected with rAAV2-Flpo virus (titer: 2.5 3 10 12 v.g./mL, Taitool) at a volume of 400 nL each site for RVM (6.00 mm posterior to bregma, 0 mm lateral to midline, 5.85 mm ventral to skull surface; 6.84 mm posterior to bregma, 0 mm lateral to midline, 6.05 mm ventral to skull surface), and AAV-hSyn-Con/Fon-ChR2-EYFP virus (AAV2/8, titer: 5.3 3 10 12 v.g./mL, Taitool) or AAV-hSyn-Con/Fon-EYFP virus (AAV2/8, titer: 6.1 3 10 12 v.g./mL, Taitool) into left side l/vlPAG bilaterally at a volume of 350 nL (4.74 mm posterior to bregma, ± 0.55 mm lateral to midline, 2.8 mm ventral to skull surface).
To examine the synaptic connections from l/vlPAG Tac1 + neurons to RVM neurons that project to the spinal cord, Tac1-Cre mice (2 weeks old) were injected with AAV-EF1a-DIO-ChR2-EYFP (AAV2/9, titer: 5.1 3 10 12 v.g./mL, Taitool) in the l/vlPAG, followed by injection of retrobeads (Red beads IX, Lumafluor) in the dorsal spinal cord (7 days later). These mice were subjected to slice electrophysiological experiments (5-9 days later).
To monitor the neuronal activity of l/vlPAG glutamatergic neurons during itch-induced scratching behavior, Vglut2-Cre mice were injected with 350 nL of AAV-hSyn-DIO-GCaMP6s (AAV2/8, titer: 2.8 3 10 12 v.g./mL, Taitool) or AAV-EF1a-DIO-EYFP (AAV2/8, titer: 4.4 3 10 12 v.g./mL, Taitool) as control into the left l/vlPAG (4.70 mm posterior to bregma, 0.45 mm lateral to midline, 2.65 mm ventral to skull surface).
To examine the neuronal activity of l/vlPAG GABAergic neurons during itch-induced scratching behavior, Vgat-Cre mice were injected with 350 nL of AAV-hSyn-DIO-GCaMP6s (AAV2/8, titer: 2.8 3 10 12 v.g./mL, Taitool) or AAV-EF1a-DIO-EYFP (AAV2/8, titer: 4.4 3 10 12 v.g./mL, Taitool) as control into the left l/vlPAG (4.70 mm posterior to bregma, 0.45 mm lateral to midline, 2.65 mm ventral to skull surface).
In order to monitor the neuronal activity of l/vlPAG Tac1 + neurons, Tac1-Cre mice were injected with 350 nL of AAV-hSyn-DIO-GCaMP6s (AAV2/8, titer: 2.8 3 10 12 v.g./mL, Taitool) or AAV-EF1a-DIO-EYFP (AAV2/8, titer: 4.4 3 10 12 v.g./mL, Taitool) as control into the left l/vlPAG (4.70 mm posterior to bregma, 0.45 mm lateral to midline, 2.65 mm ventral to skull surface).
For behavioral experiments, animals were allowed to recover for 4 weeks. The mice were then handled and habituated to the behavioral environment every day for one week before behavioral tests. For all experiments, the animals with incorrect injection sites were excluded from further analysis.
Induction of c-fos by pruritogens
For the detection of c-fos mRNA induced by pruritogens in the PAG, mice received subcutaneous injection of histamine (500 mg/50 mL), CQ (200 mg/50 mL) or saline in the nape. Forty mins after injection, the mice were deeply anesthetized by sodium pentobarbital (100 mg/kg, dissolved in saline, i.p.) and perfused with saline and followed by 4% PFA. The mouse brain was dissected for further in situ hybridization staining.
Bombesin-saporin treatment
To ablate the spinal GRPR + neurons, mice were intrathecally injected with bombesin-saporin (400 ng/5 mL) . Blanksaporin (400 ng/5 mL) was used as a control. Bombesin-saporin was injected 3 weeks after viral injection. And the behavioral and histological experiments were performed 10 days after bombesin-saporin or blank-saporin injection.
Tamoxifen induction
For labeling the GRPR-positive neurons with fluorescence, we have crossed GRPR-iCreERT2 and Ai9 mice. To induce the Cre recombinase, mice were treated with tamoxifen (20 mg/mL, 200 mL) for 2 consecutive days by oral gavage 2-3 weeks before histological experiments.
Depletion of the 5-HT fibers in the spinal cord Depletion of 5-HT fibers in the spinal cord was performed as described previously (Zhao et al., 2014), using 5,7-DHT (Sigma-Aldrich) . To prevent uptake of 5,7-DHT by noradrenergic neurons, mice were pre-treated with desipramine hydrochloride (25 mg/kg, i.p., Sigma-Aldrich) 45 min before intrathecal injection of 5,7-DHT. Mice were then administrated with either 5, i.t.) or vehicle (0.9% saline, 5 mL). Behavioral tests were performed 2 weeks after 5,7-DHT injection. Animals were subjected to immunohistochemical experiments after behavioral tests.
Pharmacogenetic manipulations
For in vivo pharmacogenetic activation experiments, mice were injected with CNO (i.p., Sigma), and pruritogen-induced scratching behavior was tested after the CNO application. The animal behavior during the 60 min was videotaped and analyzed for scratching, grooming, and hindpaw licking behaviors. The scratching bouts by both left and right hindpaws were analyzed and counted.
Optogenetic manipulations
For in vivo optogenetic activation of the l/vlPAG Tac1 + neurons, each mouse was stimulated in 10 trials, which lasted for 20 s. Each trial starts with a optogenetic stimulus lasted for 5 s with different optogenetic stimulus patterns (473 nm at 5, 10, 20 or 30 Hz, 5 ms, 4 mW) , followed by a 15 s break. The animal behavior during the 20 s period was videotaped and analyzed for scratching, grooming, and hindpaw licking behaviors. Among them, all the scratching bouts by both left and right hindpaws were analyzed and counted.
Itch behavioral test
The scratching behavior was recorded and analyzed as described previously (Mu et al., 2017) . Briefly, a magnet (1 mm in diameter, 3 mm in length, 17 mg) was implanted into the back of right hindpaw for each mouse under anesthesia (pentobarbital sodium, 100 mg/kg, Mymtechnologies) at least 7 days before the behavioral tests. Mice were shaved on the back of neck and individually handled daily for 5 days before behavioral tests. During behavioral experiments, baseline was recorded for 15 min in a chamber surrounded by a coil connected to an amplifier (Shanghai Deayea Technology). Then, the mice were briefly removed from the chamber and intradermally injected with pruritic compounds, histamine (500 mg/50 mL, Sigma), chloroquine (200 mg/50 mL, Sigma), or compound 48/80 (100 mg/50 mL, Sigma) into the nape of neck. To activate spinal GRPR receptor, mice were intrathecally injected with bombesin (0.1 nmol/5 mL, Sigma). Scratching behavior was recorded for 40-60 min after injection. The scratching behavior was analyzed with custom-written codes in MATLAB. For some experiments, the animals were videotaped, and the scratching behavior was manually counted. The experiments were performed in a blind manner.
Cheek model The cheek model was performed as described previously (Shimada and LaMotte, 2008) , with minor modifications. Mice were shaved at the right cheek, where the injection was given, at least the day before injection. For cheek injections, mice received an intradermal injection of histamine (50 mg/10 mL, Sigma), or chloroquine (120 mg/30 mL, Sigma) or capsaicin (10 mg/10 mL, dissolved in a saline solution containing 7% of Tween-80, Sigma) in the right cheek. The scratching behavior induced by pruritogen was recorded by the magnetic induction method. For analyzing wiping behavior induced by cheek injection of capsaicin, we used a digital camera (15 frames per second) underneath the animal to record wiping behavior. By frame-to-frame video analysis, wiping behavior can be clearly distinguished from grooming and scratching behaviors. The moment that the mouse started touching its ipsilateral cheek with right forelimb during a wiping event was marked by a customized MATLAB program. A raster plot for wiping behavior scored from one video was generated. The total number of wipes evoked by cheek injection of capsaicin was calculated.
Chronic itch model
The chronic itch model was established as described previously (Inagaki et al., 2006) . Briefly, the abdominal skin and nape were shaved 3 days before 2,4-dinitrofluorobenzene (DNFB) painting. For sensitization, 100 mL of 0.15% DNFB (diluted with acetone) was painted on the abdominal skin. Cutaneous reaction was evoked in the clipped neck of sensitized mouse by repeated paintings with 50 mL of 0.15% DNFB acetone solution. The DNFB challenge was repeated twice a week for 4 weeks, starting 7 days after the initial sensitization. Spontaneous scratching behaviors were recorded for 60 min the next day, 20 hr after DNFB treatment.
Pain behavior
Animals were habituated to the testing room for at least two days before behavioral tests. The following behavioral tests were doubleblindly performed as described previously (Mu et al., 2017) . For testing mechanical sensitivity, mouse hindpaw was perpendicularly stimulated with a series of von Frey filaments with logarithmically incrementing stiffness Stoelting, Wood Dale, IL) . The 50% paw withdrawal threshold was determined using up-down method.
For investigating radiant thermal pain, the paw withdrawal latency to a noxious heat stimulus was determined as the average of at least four measurements per hindpaw over a 5-min test period using Hargreaves apparatus, and a 20 s cut off time was set to avoid damage. Three to five replicates were acquired per hindpaw per mouse, and values for both paws were averaged.
For the hot plate test, a clear plexiglass cylinder was placed on the plate (50 C) and the mice were placed inside the cylinder. The onset of brisk hindpaw lifts and/or flinching/licking of the hindpaw was assessed.
For the tail immersion test, mice were gently restrained in a cotton thread glove where the mice were not stressed. The protruding one-third of the tail was then dipped into a water of 52 C. And the tail flick latency was recorded, with a cutoff time of 10 s to avoid tissue damage.
For the nape pain test, mice were injected with 50 mL of capsaicin (1%, dissolved in a saline solution containing 7% of Tween-80, Sigma) in the right nape. After 30 min, the mice right nape was stimulated with a series of von Frey filaments with logarithmically incrementing stiffness Stoelting, Wood Dale, IL) . The threshold that the animal avoided the stimulation was determined.
Formalin test
Animals were habituated to the behavioral room for at least two days before behavioral tests. For formalin test, mouse left hindpaw was injected with 15 mL of formalin (5%). The licking and flinching behaviors were videotaped and analyzed by observer blind to the treatment.
Open field test Locomotor activity of mice was evaluated by open field test over a 10-min period in (40 3 40 3 40 cm) polystyrene enclosures as described previously (Patel et al., 2012) . Mice were placed in center of the box and were videotaped individually. Center area was defined as centric 20 3 20 cm. The track was analyzed by LabState (AniLab).
Freezing behavior
To investigate the freezing response, mice were subjected to a cage (27 cm 3 27 cm) 30 min after CNO injection (0.03 mg/kg, i.p.) . The total duration of the test session was 10 min. Freezing behavior was recorded and analyzed by using the VideoFreeze program (Med Associates, St Albans, VT).
Grooming behavior
Mice were scored for spontaneous grooming behaviors as described earlier (Silverman et al., 2010) . Each mouse was placed individually into a cage, (10 cm 3 10 cm 3 20 cm). The total duration of the test session was 10 min. The cumulative time spent grooming all body regions were analyzed by observer blind to the treatment.
Rotarod test
On the first two days, mice were placed on a rotarod apparatus that accelerated 5-20 rpm for 5 min, and were trained to maintain their balancing walking. On the third day, rod accelerated 5-40 rpm, and mice were tested with a maximum time of 300 s. The latencies of animals to fall off were recorded.
After all behavioral tests, mice were perfused and histologically analyzed. Only the animals with viral expression restricted to l/vlPAG and optical fibers properly positioned were included in statistical analysis.
Analysis of the mouse scratching behavior
To investigate the scratching behavior, we analyzed the induction coil data induced by the motion of mouse hindpaw. The motion of the mouse hindpaw implanted with a magnet induced amplitude fluctuation in the traces recorded from induction coil. After analyzing video of mouse scratching behavior, we found that the frequency of mouse scratching behavior was between 1-50 Hz, consistent with a previous report (Inagaki et al., 2003) . We thus first bandpass-filtered the data recorded from induction coil at 1-50 Hz to reduce high frequency noise. Data recorded by the magnetic induction method contained signals caused by both scratching behavior and locomotion. To distinguish these two kinds of signals, we applied a semi-automatic method:
(1) The filtered induction coil data were thresholded (at mean ± 3STD) and the peak times corresponding to individual motion events were detected. Then, we plotted the distribution of inter-motion-event-interval (IMEI) in a log scale, and found that the distribution was bimodal. We determined the minimum value (0.1967 s) between two summits in IMEI distribution. The scratching-induced signal was periodic but locomotion-induced ones were not, and locomotion and scratching behaviors did not happen at the same time. We set the maximum value between two scratching event inner scratching bout as 0.2 s. (2) Based on the video analysis and induction coil data analysis, we set two criteria to select scratching events: 1) the interval between two contiguous scratching events should be 0.02-0.2 s ; 2) a scratching bout should contain at least 3 scratching events. After filtering with these two criteria, most of the periodic scratching events were selected. However, some scratching events were missed or some false ones were selected. To solve this problem, manual adjustment was performed by customized graphical user interface program. (3) After selecting the peak time of scratching events, we plotted inter-scratch-event-interval (ISEI) distribution. From the bimodal distribution, the itch-induced scratching behavior contained three patterns: scratching event (individual scratching peak time), bout and train. The first summit of ISEI distribution should represent scratching event interval inner bout, and the second one represents scratching bout interval. Next, we calculated the 96% of ISEI which located at 1.984 s, then we set the 2 s as the least interval between scratching train. In further analysis, we defined the first scratching event peak time of scratching bout as its onset time, same definition for the scratching train onset. Thus, the scratching bouts in this study were defined with similar criteria as the traditional manual counting method, and the scratching train is a cluster of scratching bouts.
To measure the scratching duration, we defined the time of first scratching bout as the start, and the time of last scratching bouts as the end. The times between start and end were measured as scratching duration. The total duration of behavior test for the inhibition Tac1 + neuron test was 40 mins, while total duration of behavior test for the activation Tac1 + neuron test was 60 mins.
Immunofluorescent staining
Mice were anesthetized with overdose of pentobarbital sodium, and perfused transcardially with saline followed by PBS buffer containing 4% paraformaldehyde (PFA, Sigma). Brains or cervical spinal cord were dissected, and post-fixed overnight at 4 C in 4% PFA, followed by cryoprotection in 30% sucrose in PBS at 4 C. Free-floating sections (25 or 30 mm) prepared with a cryostat (Leica CM 1950) were used for immunohistochemical staining. Tissue sections were blocked for 30 min at room temperature in PBST (0.3% Triton X-100) with 5% normal donkey serum, followed by incubation with primary antibodies at 4 C overnight and and balanced in Tris-HCl (100 mM, pH8.0) for 10 min and visualized with HNPP Fluorescent Detection Set (Roche) for 3 hr and counterstaining with DAPI (1:10000, Roche) in PBS. Images were taken using Olympus VS120 fluorescence microscope, or Nikon TiE-A1 plus confocal microscope. Cell counting was carried out manually or automatically using Fiji (NIH).
Electrophysiological slice recording
Slice electrophysiology was performed as described previously (Sun et al., 2011) . Mice were anesthetized with isoflurane (Lunan Pharmaceutical) and perfused transcardially with an ice-cold cutting solution containing (in mM) sucrose 213, KCl 2.5, NaH 2 PO 4 1.25, MgSO 4 10, CaCl 2 0.5, NaHCO 3 26, and glucose 11 (300-305 mOsm). The brain was rapidly dissected, and coronal slices (220 mm) were sectioned in the ice-cold cutting solution, using a vibratome (Leica VT1200S) at slicing speeds of 0.12 mm/s and a blade vibration amplitude of 1 mm. Slices were transferred to the holding chamber and incubated in 34 C artificial cerebral spinal fluid (ACSF) containing (in mM) NaCl 126, KCl 2.5, NaH 2 PO 4 1.25, MgCl 2 2, CaCl 2 2, NaHCO 3 26, and glucose 10 (300-305 mOsm) to recover for 30 min. The slices were then kept at room temperature prior to recordings. Both cutting solution and ACSF were continuously bubbled with 95% O 2 /5% CO 2 .
Slices were placed on glass coverslips coated with poly-L-lysine (Sigma, St. Louis, MO), and submerged in a recording chamber (Warner Instruments, Hamden, CT). All experiments were performed at near-physiological temperatures (30-32 C) using an in-line heater (Warner Instruments, Hamden, CT) while perfusing the recording chamber with ACSF at 3 mL/min using a pump (HL-2, ShangHai Huxi). Whole-cell patch-clamp recordings were made from the target neurons under IR-DIC visualization and a CCD camera (IR-1000E, DAGE-MTI) using a fluorescent Olympus BX51WI microscope (Olympus Optical, Tokyo, Japan).
In DREADDs experiments, hM4Di + neurons in the l/vlPAG were recorded in whole-cell configuration, and CNO (5 mM) was bath applied. Whole-cell recordings were obtained with pipettes (3-5 MU) filled with potassium-based internal solution containing (in mM) K-gluconate 130, MgCl 2 1, CaCl 2 1, KCl 1, HEPES 10, EGTA 11, Mg-ATP 2, Na-GTP 0.3 (pH 7.3, 290 mOsm). Recording was performed in current-clamp mode. For recording beads + neurons in the RVM, whole cell recordings were obtained with experiments pipettes (3-5 MU) filled with Cesium-based internal solution containing (in mM) CsMeSO 3 130, MgCl 2 1, CaCl 2 1, HEPES 10, QX-314 2, EGTA 11, Mg-ATP 2, NA-GTP 0.2. Biocytin (0.2%) was included into the internal solution. For visualizing the biocytin-filled neurons during electrophysiological recordings, the slices were fixed in 4% PFA at 4 C overnight and were incubated with Alexa Fluor 405 streptavidin (1:500, Invitrogen) for 2 hr in 0.5% PBST at room temperature. For Tac1 + neurons recording, Tac1 + neurons in the l/vlPAG were recorded in whole-cell current-clamp configuration. Whole-cell recordings were obtained with pipettes (3-5 MU) filled with potassium-based internal solution. Blue light-emitting diode (LED) (475 nm; 11 mW/mm2; UHP-Mic-LED-475; Prizmatix) coupled to a water objective (60 3 ; numerical aperture [NA] 1.0) was used to activate ChR2 + fibers. All chemicals were obtained from Sigma, unless otherwise noted.
Fiber photometry
Animals were allowed to recover for two weeks after injection of AAV virus expressing GCaMP6s or EYFP. Then, each mouse was implanted with an optical fiber (AniLab) in the left l/vlPAG (4.70 mm posterior to bregma, 0.45 mm lateral to midline, 2.65 mm ventral to skull surface) and a magnet (1 mm in diameter, 3 mm in length) into the back of right hindpaw. The mice were then handled one week before fiber photometry recording. The mouse scratching behavior and Ca 2+ transient or EYFP signal were recorded simultaneously with F-scope-G-2 (BiolinkOptics) after intradermal injection of histamine or chloroquine.
The data for fiber photometry and scratching behavior recording was analyzed using MATLAB. After subtracting noise signal of fiber photometry recording system, we smoothed the data with a moving average filter (20-ms span). The values of Ca 2+ transients change (DF/F) from 2 s preceding scratching train onset and 6 s after scratching train onset were derived by calculating (F-F 0 )/F 0 for each scratching train, where F 0 was the mean Ca 2+ transients from 2 s preceding scratching train to scratching train onset. DF/F values of mice within a group were then averaged and plotted with a shaded area indicating SEM.
For evaluating the activity of l/vlPAG Tac1 + neurons during wiping behavior evoked by cheek injection of capsaicin, we recorded the wiping behavior using a digital camera, and Ca 2+ transient or EYFP signal with fiber photometry simultaneously. The wiping behavior was analyzed manually as described above. We defined the train of wiping behavior with similar criteria as the scratching train. Specifically, we set a 2 s interval as the least interval between individual wiping trains, and the first wiping event in one wiping train was defined as its onset time. The values of Ca 2+ transients change (DF/F) was aligned to individual wiping train onset, and was averaged and smoothed with a moving average filter (20-ms span). DF/F values of animals within a group were then averaged and plotted with a shaded area indicating SEM.
At the end of the experiment, all animals were perfused to confirm the optic fiber recording sites. Only animals with correct optic fiber recording sites and virus expression regions were included for analysis.
In vivo extracellular recording The mice were anesthetized by intraperitoneal injection of pentobarbital sodium (100 mg/kg). A small magnet (1 mm in diameter, 3 mm in length, 17 mg) covered by disinfected thermoplastic flexible plastic (Parafilm, USA) was implanted in the right hindpaw. Next, mice were fixed in a stereotaxic frame, and the body temperature was maintained at 37 C with a temperature controller system (RWD Life Science, China). A craniotomy window of 2 mm 3 2 mm was made at the following coordinates: 3.60 mm posterior to the bregma, 0.40 mm lateral to the midline (left), and the dura was carefully removed with surgery needles. A self-made 16-channel electrode array (insulated nichrome wire, 30 mm diameter, Stablohm 675, California Fine Wire, USA) was lowered into left l/vlPAG at an angle of 15 (rostral to vertical). A ground wire was soldered to the skull screws, and all implants were then secured using tissue gel (3M, USA) and dental cement. Antibiotic drug (ceftriaxone sodium, 10 mg/mL) was injected for three consecutive days after surgery, and mice were allowed to recover for at least one week. After recovery, the mice were handled to adapt extracellular recording procedures at least three times (5 min at a time) per day for three days.
Neural signal was acquired using CerePlex Direct (Blackrock Microsystems LLC). The signal for behavior was amplified with an amplifier (Shanghai Deayea Technology), and fed into CerePlex Direct (Blackrock Microsystems LLC), which was used to collect neural data and behavior data simultaneously. Spiking activity was digitized at 30 kHz and bandpass filtered (250-7500 Hz). Scratching signal bandpass filtered and digitized at 2 kHz.
To investigate individual neuron responses to noxious and pruritic stimuli, we first recorded neuron activity in histamine model, and followed by recording their response to noxious thermal stimuli. Only the spikes coming from same electrode unit and holding stable waveforms during two stimuli were included for analysis. Noxious stimuli were given with hotplate (Ugo Basile, Italy). The mouse with multi-electrode was removed from its home cage and then was placed on the pre-heated hotplate enclosed within a transparent Plexiglas chamber that prevents the mouse from escaping. We examined two temperatures, 38 ± 1 C and 52 ± 1 C (10 s duration, 2-min interval between each temperature stimulus trial, animals were returned to home cage during 2-min interval). And each animal first received 38 ± 1 C stimuli (at least 5 trials) and then 52 ± 1 C stimuli (at least 5 trials).
At the end of the experiment, recording sites were marked by electrolytic lesions using 10-15 s of 25 mA direct current before perfusion, and electrode tip locations were reconstructed with standard histological techniques. Only animals with correct electrode tip locations were included for analysis.
Extracellular recording data analysis
Single-unit spike sorting was performed using Offline Sorter (Plexon, USA), based on clustering analysis on principal components of spike waveforms. Cluster quality was assessed by isolation distance and L ratio (Schmitzer-Torbert et al., 2005) . We set three criteria to ensure the single-units: (1) refractory period > 1 ms; (2) isolation distance > 15 and L ratio < 0.2; (3) stable waveforms during recording.
Further analysis was performed by custom-written codes with MATLAB, and statistical significance was defined as p < 0.05 unless noted otherwise. The peri-event time histograms (PETHs) of neural activity aligned to individual scratching train onset was calculated in 30 ms bin and smoothed by a window of 210 ms (seven bins). For each scratching train (trial), we calculated two mean firing rates (FR): FR of two seconds preceding scratching train onset (FR pre ) and FR of scratching train duration (FR duration ). Across all trials, we performed Wilcoxon signed-rank test to compare FR pre and FR duration . The neurons with significantly changed activities were divided into increased (FR pre < FR duration ), decreased (FR pre > FR duration ) and no changed groups.
Based on the PETHs, we calculated mean and standard deviation of firing rate during baseline period. Then, the latencies to scratching train onset were defined as the first one of five consecutive time points (in 0.03 s step) when firing rate at all five of the time points reached mean ± 3STD.
To investigate population activity of l/vlPAG neurons, the Z-scored firing rate heatmaps (with t = 0 s at the onset of scratching trains) were plotted using 'Jet' color-map defined in MATLAB, in which baseline periods were defined as from À2 s to À1 s, and activity of all neurons were sorted by mean Z-scored firing rate (from À1 s to 2 s).
To examine individual neuron responses to noxious and pruritic stimuli, we recorded the same neuron activity during histamine model test and hotplate test. For histamine model test, the data analysis was same as the described above. For hotplate test, we set temperature 38 C ± 1 C as the control stimulus, and temperature 52 C ± 1 C as the noxious thermal stimulus. The spike-sorting and PETHs methods was same as the described above. We calculated the mean firing rates in each temperature stimulus (2 s to 10 s, across all the trials), and then performed Mann-Whitney U-test to compare FR (38 ± 1 C) and FR (52 ± 1 C) . The neurons with significantly changed activities were divided into increased (FR (38 ± 1 C) < FR (52 ± 1 C) ), decreased (FR (38 ± 1 C) > FR (52 ± 1 C) ) and no changed groups. Based on the responses, four response patterns were defined: '++' (both increased), '+-' (histamine model, increased; hotplate test, decreased), '-+' (histamine model, decreased; hotplate test, increased), '--' (both decreased). To investigate individual neuron responses to histamine model and chloroquine model, we also recorded the same neuron activity during these two models. The data analysis in these two models was same as the described above. Based on the responses, four response patterns were similarly defined: '++' (both increased), '+-' (histamine model, increased; chloroquine model, decreased), '-+' (histamine model, decreased; chloroquine model, increased), '--' (both decreased).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Igor Pro (Wavemetrics), Prism 6 (GraghPad Software) and MATLAB 2013b (MathWorks). All statistical analysis was two-tailed comparisons. All data met the assumptions of the statistical tests used. The data were analyzed using unpaired t test, Wilcoxon signed-rank test, and two-way ANOVA.
DATA AND SOFTWARE AVAILABILITY
All relevant data and code for this study can be made available by the Lead Contact upon reasonable request.
